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We present measurements of the fluorine abundance in a Galactic Bulge Asymptotic Giant 
Branch (AGB) star. The measurements were performed using high resolution K-band spectra 
obtained with the CRIRES spectrograph, which has been recently installed at ESO's VLT, to- 
gether with state-of-the-art model atmospheres and synthetic spectra. This represents the first 
fluorine abundance measurement in a Galactic Bulge star, and one of few measurements of this 
kind in a third dredge-up oxygen-rich AGB star. The F abundance is found to be close to the 
solar value scaled down to the metallicity of the star, and in agreement with Disk giants that 
are comparable to the Bulge giant studied here. The measurement is of astrophysical interest 
also because the star's mass can be estimated rather accurately (1.4 < M/Mq < 2.0). AGB 
nucleosynthesis models predict only a very mild enrichment of F in such low mass AGB stars. 
Thus, we suggest that the fluorine abundance found in the studied star is representative for the 
star's natal cloud, and that fluorine must have been produced at a similar level in the Bulge and 
in the Disk. 

Subject headings: stars: abundances - stars: nucleosynthesis - stars: AGB and post-AGB - Instrumen- 
tation: spectrographs 



ABSTRACT 



l. 



Introduction 



x Data taken during CRIRES/ESO-VLT commissioning 
in June 2006. 



Fluorine (F) is probably the element whose nu- 
cleosynthetic origin is least known. The reason for 
the scarcity of knowledge is the fragility of its only 
stable isotope ( 19 F) and the lack of measurable 
atomic lines in the optical spectral range of nor- 
mal stars. Apart from UV measurements of highly 
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ionized F in very hot stars (jWerner et al.l 12005 ) 
and optical measurements of neutral F in extreme 
helium stars (|Pandevll2006[ ). the only source of in- 
formation on stellar F abundances are vibration- 
rotation lines of the hydrofluoric acid (HF). The 
HF molecule is efficiently formed in cool stellar 
atmospheres (types ~ K0 and later) , and a num- 
ber of strong lines appear in the near-IR K-band. 
The first ide ntification of ste l lar HF lines has been 
reported by ISpinrad et al.l (Il97ll) ; lines of this 

I J oris 



molecule have been used by Ijorissen et al. (1992) 



to measure F abundances outside the solar system 
for the first time. 

Several astrophysical sites for the synthesis of 
F have been propos ed. It has been confirmed by 



Jorissen et al through the correlation with 

the abundance of carbon that AGB stars are in- 
deed producers of F. This was also supported by a 
recent study of F abundan ces in AGB stars of th e 
LMC cluster NGC 1846 (ILebzelter et all l2008f) . 



Whether or not AGB stars are the main producers 



of F is still a matter of debate. iMowlavi fc Mevnet 



(|2002l ) estimate that AGB stars contribute to as 
much as 25% of the Solar System fluorine, but 
they emphas i ze th e roughness of their estimate. 
Cunha et al. I (|2003h in this respect rather suggest, 
based on observations of two red giants in the glob- 
ular cluster lo Cen, that 19 F is created by neutrino 
nucleosynthesis ((/-process) du ring core collapse in 
super novae of Ty pe II CSNe II IWqoslev fc Weaver 
19951 ). However. [Federman et all (|2005l ) did not 
find a clear indication for enhanced F abundance 
resulting from the ^-process in a region shaped by 
past supernovae. Finally, the Wolf-Rayet phase of 
massive stars was investigated as a third site of F 
production bv lMevnet fc Arnouldl (2000). 

The AGB phase is the final phase of nuclear 
processing for a broad initial mass range between 
0.8 and 8Mq. In this phase, the interior of the 
star is structured in the following way: The inert 
carbon-oxygen core is surrounded by a He-burning 
shell, on top of which is a He-rich shell, in turn 
surrounded by a H-burning shell. The outer H- 
rich envelope is fully convective and fills most of 
the star's volume. The Hc-burning shell ignites 
only temporarily during so-called He-shell flashes 
or thermal pulses (TPs) to release large amounts 
of energy During a TP the He-rich shell gets thor- 
oughly mixed and is the site of rich nucleosynthesis 
(e.g. the s-process). For a comprehensive review of 



AGB evolution see e.g. lHabing fc Olofssonl (|2004l ). 
Among many others, 19 F is produced via com- 
plex reaction chains under these conditions, or de- 
stroyed via a captures forming 22 Ne. At very high 
neutron densities, also n captures lead to a de- 
struction of F. For a discussion of the relevant re- 



actions see iForestini et al.l (|1992l ) . The processed 
matter is brought to the stellar surface via third 
dredge-up (TDU) mixing events, which may oper- 
ate after each TP. 

Only few stellar systems have been investigated 
with respect to the a bundance of F: Besid es Galac- 
tic field red giants (jjorissen et al.lll992f ). similar 
star s have been obser ved in the globular cluster 
M4 (ISmith et al.ll2005l). as well as in ui Cen and the 
LMC dCunha, et alj l200l ILebzelter et~ail l2008fh 
Smit h et al .1 (|2005h add F to the list of elements 
known to vary in globular cluster stars and draw 
concl usions on the early- cluster chemical pollu- 
tion. ISchuler et al.l (|2007l ) recently presented the 
measurement of F in a very metal-poor star and 
found a considerable overabundance of this rare 
element. 

In this paper we report the measurement of the 
F abundance in a MS spectral type Bulge AGB 
variable, i.e. an AGB star with an O-rich chem- 
istry enriched in s-process elements. It is the first 
measurement of this kind in a star of the Galactic 
Bulge, and one of few F abundance determina- 
tions from a TDU-AGB star. The observations 
have been carried out with the CRIRES infra-red 
spectrograph. 

2. CRIRES Observations 

CRIRES is the CRyogenic Infra-Red Echelle 
Spectrograph mounted to the Nasmyth focus A 
at the 8.2 m Unit Telescope #1 (Antu) of ESO's 
VLT on Cerro Paranal, Chile. It has been installed 
at the telescope in 2006 followed by several com- 
missioning and science verification runs. CRIRES 
is designed for high spectral resolution (A/AA 
up to 10 5 ) and operates in the spectral range 
0.95 — 5.3 /im. A curvature sensing adaptive op- 
tics system feed is used to minimize slit losses and 
to provide diffraction limited spatial resolution 
along the slit. More detail s about the C RIRES in- 
strument can be found in iKaufl et all (J2004) and 



on-line at |www . eso . org/ instruments/ crires/| 
One star observed during the first CRIRES 
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commissioning run i n June 2006 wa s the Bulge 
Mira variable M1347 l|Wesselinklll987h . also known 
as Plaut 3-1347 or V2017 Sgr (J2000 coordinates: 
18 h 38 m 45!7 -34° 33' 28"). With a Galactic 
latitude of about — 12?6 it belongs to the outer 
Bulge. The observations of M1347 were carried 
out on June 07, 2006. A large part of the near-IR 
K-band was observed, although the analysis pre- 
sented here is limited to two wavelength settings 
covering the range 2.253 — 2.310 fj,m. The slit- 
width was set to 0'.'2; thus, the maximum resolu- 
tion of 100 000 (3kms _1 equivalent) was achieved. 
The integration time was 60 s for each of the four 
nodding positions per setting. A hot standard star 
at similar airmass was observed immediately af- 
terwards. The raw frames were reduced with the 
CRIRES pipeline (version 0.2.3), and the ID sci- 
ence and standard star spectra were wavelength- 
calibrated separately using the numerous telluric 
absorption lines present on all of the four detector 
arrays. The wavelength-calibration was done sep- 
arately for the science and telluric standard star 
spectrum because of the limited reproducibility of 
the Echelle grating position. Finally, the science 
spectrum was divided by the standard star spec- 
trum to correct for the telluric lines and the illu- 
mination pattern as well as possible. Note that 
the telluric lines are strong enough to use them as 
wavelength calibrator, but they are weak enough 
to be corrected for by standard star division; thus 
they have no influence on the abundance measure- 
ments presented here. The signal-to-noise ratio 
was estimated from an overlapping region on chip 
#3 that was observed in both settings to be close 
to 100. 

3. Stellar parameters 

M1347 has previously been observed together 
with a larger sample of Bulge AGB stars with the 
UV and Visual Echelle Spectrograph (UVES) at 
the VLT on July 08, 2000 (= JD 2451733.6) in 
the blue arm (377 — 490 nm) and in the red arm 
(667 - 1000 nm). It was found to show absorp tion 
lines of t echnetium ( Uttenthale r et al.ll2007al ) and 
lithium ( Uttenthaler et al .1 l2007bh . Tc is an in- 
dicator of recent or ongoing s-process and TDU 
in an AGB star. As probably all genuine Bulge 
AGB variables this star is O-rich. Strong absorp- 
tion bands of metal oxides such as TiO, VO, and 
ZrO are evidence that M1347's C/O ratio is below 



unity. Because of the O-rich chemistry and signs 
of s-process enrichment (T c, enhanced ZrO b ands) 
it is classified as type MS (jStephensonlll984l ). The 
(moderate) Li content of log e(Li) = +0.80 in this 
star probably results from a different mixing phe- 
nomenon called cool bo ttom processing (CBP, e.g. 



Wasserburg et al.l Il995l ). although other enrich- 



ment scenarios can not be completely excluded 
(jUttenthaler et alJl2007bh . 

The mass and luminosity of M1347 are rather 
well constrained, thus its abundances can be eas- 
ily compared with expectations from models of 
stell ar evolution and nucle osynthesis. From Fig. 
3 of Straniero et al.l (2003) the mass can be lim- 
ited to the range 1.4 M < M < 2.0 M Q over a 
wide range in metallicity (0.15 Z© < Z < Z©). 
In the Bulge, due to its age, no high-mass stars 
(> 2M©) reaching C/0>1 because of dredge-up 
of carbon on the TP-AGB are present anymore. 
Below roughly 1.4 M© no dredge-up occurs at all, 
preventing a star to become s-process enriched. 
Note that the former constraint would not hold 
for a Disk star, since it then could be a higher 
mass star on its way to C/0>1 experiencing one 
of its first TDU events on the TP-AGB. Additional 
constraints come from the M boi — P diagram. Us- 
ing linear pulsation models ( Wood &; Sebol [l996h 
Ml 347 is placed slightly above 1.5 M© (see Fig. 



Uttenthaler et all l2007ah . The luminos- 
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ity at a distance of 8.0 kpc is measured to be 
L = 11 7 00 L© (Mboi = -5?|43), a nd the period is 
426.26d ([Uttenthaler et al.ll2007al lbh. 

The CRIRES observations on JD 2453895.9 
were carried out 5.07 light cycles after the UVES 
observations. We thus assume that, despite the 
star's variability, M1347's atmosphere was in a 
very similar state at the time of CRIRES ob- 
servations compared to the UVES observations. 
We estimate atmospheric parameters from the 
UVES spectra by comparing them to a grid of 
synthetic spectra based on COMARCS atmo- 
spheric mode ls. COMARCS is a r evised version 
of MARCS (|Jorgensen et all Il992h w ith spher- 
i cal r adiative transfer routines from Nordlundl 
(|l984l ) an d new opacity data from the COMA 
progr am (lArineer 200of). Sim i lar to the analy- 



sis of iGarcia-Hernandez et al.l (|2007f ) a \ mm " 



lr rhe abundance of element X on this scale is given by 
loge(X) = log7V(X)/iV(H) + 12. 
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imization method was used to find the param- 
eters of the model best fitting the TiO 7(0,0)Ra 
(705.6 nm) and 7(0 ; 0)Rb (709.0 nm) band he ads in 
the UVES spectra ijuttenthaler et al.ll2007bh . The 
parameters found for M1347 are T eff = 3200 K, 
logg = -0.5, [M/H] = 0.0. Furthermore, the pa- 
rameters £ = 3.0kms~\ M = 1M Q , C/O = 0.48, 
and [Ti/H] = +0.2 have been adopted for the 
calculation of the model grid. This model at- 
mosphere was used to refine the metallicity of the 
star M1347 as explained in the next section. (Note 
here that the stellar mass assumed for the model 
atmosphere has a negligible effect on the spectrum 
and therefore is no indication of the real mass of 
the star.) The error on the effective tempera- 
ture, the parameter on which abundance analysis 
is most sensitive, was estimated from the x 2 anal- 
ysis to be ±100 K. The spectral type of M1347 
was determined from the UVES sp ectrum using 

" (Il994li as M7S. On 



the relations of Fluks ct al 



the ef fective temperature scale of iRidgwav et al 
( 198dh . this corresponds to T c g = 3126 K, well in- 
side the estimated error range. Assuming 1.5 M© 
for the mass and log g = —0.5 and applying the 
Stefan-Boltzmann law to the measured luminosity 
results in a surface temperature of 3158 K. 

4. Analysis 

4.1. Spectral synthesis 

The lines R12 to R28 of the vibrational 1-0 
band of the HF molecule fall in the observed spec- 
tral range. The lines R12 and R13 are, despite the 
high resolution, hopelessly lost in the 12 CO 2—0 
band (head at ~2293.5nm) and cannot be used 
for abundance analysis. Lines above R23 are very 
weak and could not be identified. The lines blue- 
ward of the 12 CO 2—0 band head however are well 
suited for the analysis. We want to note here that 
all previous abundance analyses based on HF, ex- 
cept that of IJorissen et al.l (|1992l ). rely on a single 
line of that molecule! 

A calculated line list of the HF molecule was 
kindly provided by R. H. Tipping (priv. comm.). 
This list i s unpublished, and h as been used pre- 
viously by I Jorissen et al. 1 19921 ) for the measure- 
ment of F abundances in Disk giants. The log gf 
values of the lines could be derived from the Ein- 
stein A values provided in the Tipping list with 
the corresponding standard transformation (as de- 



scribed in iBernathl 120051 ) assuming a rotational 
degeneracy of 2 J" + 1. Together with the as well 
provided excitation potential, the data can be used 
for spectral synthesis calculations. Addit ionally, a 
measured line list bv lWebb k Raol (|l968l) is avail- 
able which is also incorporated in to the HITRAN 



data base ( Rothman et al. 20051 ). For the 1—0 



band of HF, this list contains only lines up to 
R14. We performed a comparison based on syn- 
thetic spectra between these lists for the lines of 
the 1—0 band in common and found very good 
agreement, both in wavelength and line strength. 
We thus assume that the error in the abundance 
analysis (section I4.2j) resulting from uncertainties 
in line data is negligible. The calculated list of 
Tipping can be regarded as quite accurate. Since 
the Tipping data reaches to higher rotation quan- 
tum numbers, we only used the data from that list 
for the abundance analysis. 

The TiO band heads used for the temperature 
determination are also somewhat sensitive to the 
metallicity [M/H] of the star, leading to a tem- 
perature — metallicity degeneracy. We thus at- 
tempted to check the metallicity that was found 
by the \ 2 minimization using atomic lines situated 
in the range observed with CRIRES. The reliabil- 
ity of log gf values of atomic lines in the relevant 
wavelength range co ntained in the VALD database 
(|Kupka et al.lll999h was check ed by comparing an 
observed Arcturus spectrum (jHinkle et al.1 Il995h 
with a corresponding synthetic COMARCS spec- 
trum. Four lines turned out to be well suited 
for the metallicity determination: a Na line at 
2208.969 nm, a Ca line at 2282.718 nm, and two 
Fe lines at 2274.514 and 2283.870 nm, respectively. 
From these lines we determine a metallicity of 
[M/H] = —0.1 22: where the error comes from 
the scatter among the values from the individ- 
ual lines (partly covered by two spectrograph set- 
tings). In principle, one could iterate the proce- 
dure to find the temperature of the star assum- 
ing a metallicity of [M/H] = —0.17, and with that 
temperature iterate again on the metallicity, etc. 
However, we find from our models that a change 
of — 0.5dex in [M/H] has the same effect on the 
TiO band strength as a change of about — 100 K 
in T e ff, which is the accuracy of our temperature 
estimate. Thus, the impact on the F abundance 
measurement should be well within the estimated 
error bars (section |4.2|) . Nevertheless, the found 
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Fig. 1— The R14 to R23 lines of HF in the Bulge giant star M1347 (black line with dots) and their 
best- fit model spectrum (grey line), with the corresponding F abundance given in the legend. The central 
wavelength, marked as vertical dashed line, is given in Table [TJ The tick marks on the x-axis are 0.1 nm 
apart. 
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Table 1: Lines of the HF molecule identified in the star M1347. The values of the wavelength, gf ', and £ are 
derived from the calculated list of R. H. Tipping (priv. comm.). 



Line A (nm) g/(10~ 5 ) ^(K^cur 1 ) EW (mnm) best-fit [F/H] 



R14 


2289.305 


11.41 


6.276 


43.5 


-0.30 a 


R15 


2283.316 


11.18 


6.865 


41.2 


-0.25 a 


R16 


2278.453 


10.87 


7.489 


35.9 


-0.10 


R17 


2274.711 


10.47 


8.148 


47.3 


+0.30 a 


R18 


2272.085 


9.993 


8.841 


55.7 


+0.05 


R19 


2270.575 


9.449 


9.566 


30.1 


0.00 a 


R20 


2270.180 


8.843 


10.32 


26.3 


+0.25 a 


R21 


2270.903 


8.185 


11.11 


30.5 


+0.50 


R22 


2272.749 


7.483 


11.93 


9.8 


-0.10 


R23 


2275.724 


6.748 


12.78 


11.5 


-0.30 a 



a Line is observed in both spectrograph wavelength settings, and the mean of the EW and abundance determination is given. 



metallicity agrees well with t he peak metallicity o f 
Bulge stars ([M/H] = -0.1; IZoccali et ai1l2003l) . 
and is just slightly below solar metallicity. We cal- 
culated a COMARCS atmosphere with the metal- 
licity of [M/H] = -0.17 and used it for the follow- 
ing spectral synthesis calculations. 

The best-fit F abundance was determined in- 
dividually for the ten identified and measurable 
HF lines in the observed spectral range. Spec- 
tral synthesis was done in steps of 0.05 dex in F 
abundance. A so lar reference value log e( F) = 
4.56 was adopted ( Grevesse fc Sauval 19981) . Ta- 
ble Q] lists the identified lines with their calcu- 
lated wavelength, gf value, excitation potential 
£, measured equivalent width (EW), and the best- 
fit [F/H] value derived from the respective line. 
In the spectral synthesis calculations, all atomic 
species and molecular lines from CO, CH, C 2 , 
SiO, CN, TiO, H 2 0, OH, VO, C0 2 , S0 2 , HC1, 
CH4, FeH, CrH, and ZrO were included to ac- 
count for blending lines as well as possible. The 
line data refere nces a re summarized in Table 1 of 
( 20071 ). An additional macroturbu- 
= 3.0 km s _1 has been added in the 
For best-fit model spectra see 



Cristallo et al 



lence of u ma cro 
spectral synthesis 

Fig. m 

From Table Q] it becomes obvious that the F 
abundances required to fit the different HF lines 
have a large spread. This is most probably be- 
cause some of the observed lines are blended, and 



the respective blending line is not adequately rep- 
resented in any of the used line lists. There exists 
a general problem of uncertain or simply incom- 
plete (molecular) line data in terms of wavelength 
and/or gf value which becomes particularly ap- 
parent at the high resolution of the present spec- 
tra. This difficulty is known, but detailed com- 
parison to observed data is scarce (Aringer 20051 
is one of few examples). In the wavelength region 
analysed here, line data are uncertain especially 
for the CN list (see below). Also, dynamic and 
mass loss effects may lead to the formation of spec- 
tral lines which are not for med in hydrostatic at - 
mosphere models used here ( Nowotnv et al.l[2005T ). 

The rotational lines inside a certain vibrational 
band of di-atomic molecules reach a maximum 
strength at a certain rotation quantum number, 
depending on the gas temperature. For the HF 
1—0 band, this maximum is reached at the R5 line 
for the temperatures of the HF line forming lay- 
ers. For higher and lower rotation quantum num- 
bers the line strengths (opacities) will decrease 
monotonically. Some lines in our observed spec- 
trum clearly deviate from this trend; these are the 
R17, R18, R20, and R21 lines. Although at least 
the R17 and R21 lines do not appear asymmet- 
ric, which would definitely hint at their blended 
nature, a blend of unknown origin and strength is 
assumed for these lines. The R18 and R20 lines 
have a rather asymmetric profile and are thus cer- 
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tainly blended. The R19 line is blended with a 
CN line in the synthetic as well as in the observed 
spectrum, but the contribution by CN seems to be 
well modelled. CN has been discarded from the 
list of molecules used for the spectral synthesis of 
the R22 line because a CN feature appeared in the 
red wing which is not present in the observed spec- 
trum. Also R23, the highest-lying detected line, is 
problematic. It is blended with a CN line, too, 
with only a minor contribution by HF. We thus 
decided to exclude the lines R17, R18, R20, R21, 
and R23 from the determination of the average F 
abundance. The average F abundance from the re- 
maining five lines in this "cleaned" list (R14, R15, 
R16, R19, and R22), calculated by converting the 
individual F abundances to a linear scale before 
averaging them and converting the average back 
to the logarithmic scale, is [F/H] = —0.14. The 
differences between observed and synthetic EWs 
of these lines, weighted with the inverse of their 
EW, reach least squares at [F/H] = —0.16. 

We note that there is perhaps a trend of in- 
creasing [F/H] with increasing rotation quantum 
number even in the cleaned list of lines. Due to 
the very good agreement in terms of wavelength 
and gf values between the HITRAN and the Tip- 
ping line data for the lines up to R14 we regard 
incorrect line data as the source of this trend as 
unlikely. We performed abundance measurements 
with a model atmosphere with an effective tem- 
perature increased by 200 K (i.e. 3400 K) ; however, 
the trend remained. Thus, the trend is obviously 
not connected to a wrong temperature estimate. 
The only solution we can offer at the moment is 
that the trend might be related to a deviation 
of the temperature structure of the model atmo- 
sphere from that of the real atmopshere, but this 
has to be regarded as tentative. Whatever the 
reason for the trend is, we again want to stress 
that our study is only the second which employs 
more than one line to derive F abundances from 
HF lines. 

4.2. Error analysis 

Determining abundances in a Bulge Mira star 
is a t ricky task. Unlike for globular cluster stars 



e.g. ISmith et al.l 120051 ). no a priori value of the 



metallicity is known, and the temperatures of cool, 
pulsating Mira variables are difficult to measure 
precisely, not to mention other stellar parameters. 



The uncertainty on the F abundance derived here, 
as shown below, is higher th an found in other stud- 
ies (e.g. ISmith et al.1l2005h . 

A large source of error, due to its effects on 
molecule dissociation and level population, is the 
uncertainty in the effective temperature. By vary- 
ing the temperature of the model atmosphere by 
±100 K, which is a good measure of the temper- 
ature uncertainty, we find a variation of [F/H] of 
±0.15 dex from all lines in the cleaned list. 

The metallicity [M/H] has an impact on the 
measured F abundance comparable to that of 
the effective temperature because of its influence 
on the atmospheric structure. We therefore cal- 
culated spectra at the mctallicitics of the up- 
per and lower limits of the metallicity range of 
M1347 (steps of 

^0,22 to the adopted value of 
[M/H] = -0.17). In fact, we found that the F 
abundance changes in lockstep with changes in the 
metallicity, which translates into an uncertainty 
of the F abundance of the same magnitude as 
the uncertainty in [M/H]. The HF lines become 
stronger upon decreasing the overall metallicity 
while keeping the F abundance constant, thus a 
lower metallicity of the model atmosphere results 
in an F abundance lowered by the same amount. 

The surface gravity logg has only a minor ef- 
fect on the derived F abundance. Increasing logy 
from —0.5 to 0.0, a range generally occupied by 
red giant stars, leads to an F abundance reduced 
by 0.04 dex. 

The values of the macro- and micro-turbulent 
velocities, w maC ro and £, could be checked for from 
the profiles of the HF lines in the cleaned list. A 
value of 3kms _1 for both of them was found to 
very satisfy ingly reproduce the profiles. A devia- 
tion of the sum of v macro +£ by more than 2 kms 1 
leads to line profiles noticeably different from the 
observed profiles. This maximum deviation leads 
to an uncertainty of [F/H] of ±0.1 dex. 

The specific value of the C/O ratio, which may 
differ from the solar value due to first and third 
dredge-up processes, may have an influence on the 
F abundance measurement in three different ways. 
First, it influences the strength of the TiO bands 
used for the temperature determination. Second, 
the atmospheric structure depends on the C/O ra- 
tio. Third, the C/O ratio influences the strength 
of lines blended with the HF lines, in particular of 
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the very C/O-sensitive CN lines. 

From a number of CN lines falling in the 
wavelength range observed with CRIRES which 
are identified in th e Arcturus spectral atlas of 
Hinkle et al. ( 1995[ ). we estimate that the C/O 
ratio in the atmosphere of M1347 is around 0.7. 
Since with the present data we cannot have an 
independent check on the O and N abundance, 
solar O and N abundances were assumed in this 
estimate. The occurrence of lithium in M1347 
has been ascribed to C BP acting in this star 
(jUttenthaler et alJ l2007bl ) . If this interpretation 
is correct, the N abundance could be possibly en- 
hanced because some 12 C will be converted to 14 N 
by CN cycling. We expect that the effect of this 
shift on the CN lines is a minor one. 

Because the CN lines in the observed spectrum 
can by far be not as well fitted as the HF lines, 
our estimate of the C/O ratio is quite rough. For 
this reason, we decided to not change the C/O 
ratio of the model atmosphere that was used for 
the abundance analysis from its adopted value of 
0.48. We rather estimate from the difference to 
C/O = 0.7 what the effect on the measurement of 
the F abundance is. We found from our model at- 
mospheres that an increased C/O ratio increases 
the strength of TiO bands (which were used for 
the temperature determination). A naive expec- 
tation would be a decrease in TiO band strength 
because less O is available to form TiO as C/O is 
increased. The prime effect of an increased C/O 
ratio however is the same as an increased metal- 
licity, namely that the atmospheric structure is 
changed such that the TiO bands become stronger. 
Only at a C/O ratio of 0.9 or higher, the effect of 
a decreasing number of oxygen atoms available to 
form TiO takes over, and the TiO bands finally de- 
crease in strength. We find from our models that 
a C/O ratio of 0.7 implies a temperature of M1347 
increased by about 30 K (compared to C/O = 0.48 
, which in turn implies a F abundance increased 
by ~ 0.05 dex (see above). The effect on the atmo- 
sphere structure implies an F abundance decreased 
by ~ 0.05 dex. In our cleaned list of HF lines, only 
the R19 line is blended with a weak CN line, but 
its effect on the F abundance measured from the 
R19 line is negligible. Thus, the effects on the 
F abundance measurement of an increased C/O 
ratio (via the temperature determination on the 
one hand and the changed atmosphere structure 



on the other hand) effectively cancel out. 

The error due to the (insecure) continuum 
placement can be estimated from lines observed in 
both wavelength settings; it amounts to ±0.05 dex. 
Finally, we include the statistical standard devi- 
ation of the F abundance derived from the indi- 
vidual lines of the cleaned list, which is to \\ dex, 
again calculated on a linear scale. 

Converting the individual error items to a linear 
scale before summing in quadrature gives a total 
error of t o '28 dex. The use of a hydrostatic model 
atmosphere for a variable star may induce an addi- 
tional systematic error which we cannot estimate 
here. Table [2] summarizes the sources of error and 
their magnitudes. 

Table 2: Individual sources of error and their mag- 
nitude. The statistical spread is calculated only on 
the basis of the lines in the cleaned list. 



Source 


A [F/H] 


(Parameter) 


(dex) 


T e s 


±0.15 


log 9 


±0.04 


^ ~h ^macro 


±0.10 


[M/H] 


+0.14/ - 0.22 


C/O 


±0.00 


continuum 


±0.05 


stat. standard dev. 


+0.11/ -0.14 


Total 


+0.23/ -0.28 



5. Conclusions and Outlook 

We measure a fluorine abundance in the Galac- 
tic Bulge AGB star M1347 of [F/H] = — 0-14±g ||. 
With respect to the metal abundance we find 
[F/M] = +0.03t°;2? (the error bar is smaller 
because [F/H] changes in step with changes in 
[M/H], thus the uncertainty in [M/H] does not en- 
ter the errorbudget of [F/M]). The F abundance in 
Ml 347 is thus in agreement with the scaled solar 
abundance. Note, however, that the solar system 
meteoritic F abundance is somewhat insecure, and 
reduced with respect to the F abundance in nor- 
mal K-M giants of the solar neighbourhood (cf. 
Jorissen et al.lll992l ). 



S 



The F abundance measured in M1347 can be 
compa red to Disk stars analysed bv ljorissen et al. 
(|l992f l Of their list, the stars Y Lyn and RS Cnc 



are particularly comparable to M1347: Both have 
oxygen-rich atmospheres with positive detections 
of Tc, are of late spectral type (for Y Lyn the clas- 
sifications M5Ib-II and M6S are found in the liter- 
ature, for RS Cnc the classification is M6IIIS), and 
the effective tempera ture is quoted with 3200 K by 



Jorissen et al 



(j 19921) . Note, however, that Y Lyn 
and RS Cnc are semi-regular variables with a pul- 
sation period of only 110 and 120 d, respectively, 
compared to the Mira-like variability of M1347 
with a period of 426.6 d. This may hint towards a 
somewhat higher mass o f Y Lyn and RS Cnc com - 
pared to that of M1 347 (jLebzelter k Hronlll999l ). 
Ijorissen et al. I (Il992h determined F abundances of 
[F/H] = +0.15 for Y Lyn, and [F/H] = +0.13 for 
RS Cnc, respectively, and quote error-bars of the 
order of 0.2 - 0.3 dex. The F abundance of these 
two disk stars and the Bulge star analysed here 
thus overlap within the error bars. 

The mass of the Bulge giant M1347 is estimated 
to be in the range 1.4 < M/M < 2.0, proba- 
bly close to 1.5 Mq. The measured F abundance 
can thus be compared to theoretical predictions 
of AGB evolutionary and nucleosynthesis calcu- 
lations. Predictions of the F surface abundance 
for a wide range of stellar masses and me tallicities 
i s pre sented e.g. by the calculations of iKarakasI 
(|2003l ). Their lowest mass models experiencing 
TDU have M = 2.25 M Q for Z = 0.02 and 
M = 1.75 Mm for Z = 0.008. Figures C7 and 
C18 of Karakad ( 2003 ) include the evolution of the 
surface abundance of 19 F of these models. For the 
mentioned combinations of mass and metallicity, 
the surface abundance of F is enhanced only by 
~ 0.1 dex on the TP- AGB due to internal nucle- 
osynthesis and third dredge-up. A considerable in- 
crease is predicted only at hig her masses (~ 3 M , 
see also Lugaro et al. I l2004h . Trusting in these 
model predictions, we may assume that the F we 
see in M1347 increased at most by 0.1 dex from its 
initial abundance, i.e. the F abundance of M1347's 
natal cloud. 

It is interesting to compare this inferred Bulge 
fluorine abundance to predictions of Galactic 
chemical evolution models. A semi-analytic mul- 
tizonc chemical evolution model of fl uorine in the 
Milky Way has been presented by iRenda et al 



(|2004l ). The authors find satisfactory agreement 
between their model and the F abundance in so- 
lar neighborhood stars only if the contributions by 
Wolf-Rayet and AGB stars are taken into account. 
The F abundance in u> Cen giants however is well 
fit by F production in SNe II alone. In a simi- 
lar manner, our measurement of the F abundance 
in the Bulge giant M1347, which is in agreement 
with the solar abundance, suggests that Wolf- 
Rayet and AGB stars also played a significant role 
in the chemical evolution of the Galactic Bulge. 
The formation of the Bulge then must have lasted 
long enough that its chemical evolution could have 
been influenced by these stellar types. We thus 
conclude that Wolf-Rayet and AGB stars con- 
tributed to the chemical evolution of the Galactic 
Bulge and Disk on a very similar level. 

Lugaro et al.l ( 20041 ) speculate that extra mix- 



ing processes (CBP) that connect the convective 
envelope to the H-burning shell might be the key 
to understand the high F abundances at a give n 
C/O ratio as observed by Ijorissen et al.1 (Il992f) . 
The occurrence of Li in the Bulge star analysed in 
the present study has been ascribed to the opera- 
tion of CBP, too (jUttenthaler et al.ll2007b[ ). How- 
ever, the effect on CBP is rather that of decreasing 
the C/O ratio (because of the transformation of C 
into N, see also section 143]) than influencing the F 
abundance. If layers with temperatures exceeding 
some 30 million K, also some F would be destroyed 
via 19 F(p,a) 16 0. It is not clear from current theo- 
retical and observational studies if such high tem- 
peratures are involved in CBP an if destruction 
of F could indeed happen. Also from our obser- 
vations no clear conclusion in this respect can be 
drawn. For further details on the connection be- 
tween CBP and the fluorine abundance we refer 



to Lugaro et al 



1)20041 ). 

It would be of interest to compare the F abun- 
dance in Bulge objects without signatures of in- 
ternal nucleosynthesis (e.g. stars on the first gi- 
ant branch) to the F abundance derived in the 
present study. If the F abundance in such stars 
is found to be close to our result, a confirma- 
tion of the predictions of detaile d nucleo s ynthe - 
sis calculations such as those of IKarakasI (|2003h 
for low mass stars is suggested. With the advent 
of high-resolution IR spectrographs like CRIRES 
such measurements have become readily feasible. 

A deeper investigation of the nucleosynthctic 
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origin of F is desired. We are currently devising 
a CRIRES observing program aimed at determin- 
ing the F abundance in high-mass AGB stars of 
the Magellanic Clouds. In this respect the some- 
what elaborate error analysis in section 14.21 is a 
useful and important exercise. The goal of these 
CRIRES observation will be to observe the pre- 
dicted up-turn of F production at masses ~ 3 Mq , 
and the F destruction at masses around 5 M and 
higher. Important constraints on high-mass AGB 
evolution and reaction rates involved in the syn- 
thesis of 19 F can be expected from these measure- 
ments. 

We particularly acknowledge R. H. Tipping 
for providing his unpublished line list of the HF 
molecule. We also thank A. Jorissen for valuable 
comments on the manuscript. SU and TL ac- 
knowledge funding by the Austrian Science Fund 
FWF under the project P 18171-N02, and BA ac- 
knowledges funding by the FWF under project P 
19503-N13. We want to thank the CRIRES com- 
missioning team for carrying out the observations 
of the Bulge star analysed here. 
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